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METHOD AND APPARATUS FOR DIGITAL SIGNAL 
PROCESSING ENHANCED LASER PERFORMANCE 

COMPENSATION 



5 CROSS-REFERENCE TO RELATED APPLICATION 

[1001] This application is a utility conversion of U.S. Provisional Application 
No. 60/564,143, filed April 21, 2004, and further is a continuation-in-part of PCT 
Patent Application No.'s PCT/US03/00463, filed January 8, 2003, which was the 
10 subject of an international search report and is now pending U.S Patent 
Application No. 10/513,091, and PCT/US03/01032. filed January 14, 2003 
which was the subject of an international search report and is now pending U.S. 
Patent Application No. 1 0/51 3,1 05. 

15 BACKGROUND 

Field 

[1002] The presently disclosed embodiments relate generally to laser 
control, and more specifically to laser performance compensation for aging and 
20 temperature changes. 

Background 

[1003] Lasers are increasingly used in systems such as high speed 
communications links, fiber optic channels and medical diagnostics. Market 
25 trends demand increased levels of reliability and performance in laser systems 
Lasers having signals with accurate output power and signal amplitude are 
required to meet these performance demands. 

[1004] Individual lasers exhibit significant variations in performance 
characteristics when they are newly manufactured. Additionally, all lasers 
30 substantially degrade in performance with age and changes in temperature 
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Performance degradation causes a reduction in output power and signal 
strength, resulting in decreased Signal to Noise Ratios (S/Ns) and Extinction 
Rates, as well as increased Bit Error Rates (BERs). 

[1005] Communications receivers require that signals maintain acceptable 
s.gnal strength and reliable operating parameters. In order to generate 
transmission signals that meet receiver requirements, lasers must be adjusted 
to compensate for individual variations and performance degradations occurring 
over time. 

[1006] Various conventional methods are used to compensate for changes in 
laser performance characteristics. Conventional performance compensation 
methods have drawbacks such as communication disruption and non-optimal 
output power adjustments. Non-optimal power adjustments may produce 
■naccurate output signals that are difficult to receive, and frequently overdrive 
the laser, reducing its life. 

[1007] Before adjustments can be made for performance degradations 
caused by aging and temperature changes, output power and temperature must 
be accurately monitored. The output power of many lasers available today is 
monitored with photodiodes that are integrated with the laser in a single 
package. The photodiodes may also be a component of an integrated circuit 
that is associated with the laser's driver or a Vertical Cavity Surface Emitting 
Laser (VCSEL) array. For economic reasons, it is common to utilize very slow 
photodiodes for monitoring the laser output. In some cases the photodiodes 
exh.b,t a frequency response that is several orders of magnitude lower than the 
frequency response of the laser. Photodiodes with frequency responses that 
are slower than the lasers they monitor can reliably measure the laser's average 
power output, but pose a problem in determining the amplitude of the optical 
pulses for transmitting information. The amplitudes of optical pulses cannot be 
measured because the photodiode will not generate significant output in 
response to the Alternating Current (AC signal) output representing data 
30 transmission. 

[1008] in digital communications, it is necessary to monitor the amplitude of 
the optical pulses in order to distinguish the transmission of a logical one from 
the transmission of a logical zero. In both analog and digital communications 
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the magnitude of the optical signal represents the strength of the signal and has 
a direct impact on signal to noise ratio and transmission reliability. Because 
sensing power output with low frequency response photodiodes permits only the 
average power of the laser, rather than the amplitude of data transmission light 
pulses to be monitored, accurate power output feedback information is not 
available to adjust the magnitude of optical pulses representing the data. 
Without accurate amplitude feedback information, output power cannot be 
properly controlled, causing the Optical Modulation Amplitude, Extinction Ratio 
and BER to degrade with temperature changes as well as aging. 
[1009] To perform an accurate power measurement with a slow photodiode, 
an input power signal must be maintained at a fixed power level causing the 
system to produce a constant value of light output, which is always equal to the 
measurable average power value. Since the slow photodiode can't be relied 
upon to determine the output power of a high frequency signal, other methods 
have been employed. For example, one method commonly used consists of 
applying a signal with known amplitude to the laser transmitter while a 
measurement is made of the resulting output power with an instrument instead 
of a photodiode. The measurement instrument used is one that can respond to 
high frequency of light power transitions.. This procedure disrupts the signal 
transmission preventing the transmitter from sending information over the 
communications channel while adjustments are carried out. Disruption in 
communication is contrary to the goals of high reliability and 100% up-time in 
present systems. 

[1010] Another example of an intrusive power adjustment method is an 
approach that relies on the application of a tone signal to the laser. The tone is 
recovered by the monitor photodiode and the recovered signal used to 
determine changes in laser performance. This method is disadvantageous 
because, again, the tone disrupts the transmitted signal because the magnitude 
of the tone signal is of similar magnitude to the magnitude of the transmitted 
signal. Disruption also causes a significant reduction of the noise margin, which 
renders this approach inaccurate. 

[1011] Temperature sensors are commonly utilized to determine when 
performance adjustments are appropriate due to changes in temperature. 
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Conventional reliance on temperature sensors is also problematic. 
Temperature sensors, unlike photodiodes, are not commonly integrated with 
laser or driver devices. The temperature sensor must be mounted at a location 
external to the laser itself, producing a measurement that is poorly correlated to 
5 the actual operating temperature of the laser. The probiem is then compounded 
when inaccurate temperature measurements are used as indexes to determine 
power adjustments from equally unreliable look-up tables. 
[1012] Look-up tables are created at the factory for each laser 
manufactured. Each laser must have its own look-up table because the 
10 performance characteristics of each unit differ with variations in constituent 
parts and manufacture. This method of creating temperature lookup tables 
requires a costly process on the production line to heat each laser in an 
environmental chamber at incremental temperatures. Large numbers of test 
temperature samples produced by small temperature increments, which are 
15 necessary for accurate interpolation, increase the production cost. The table is 
populated with a bias and modulation current for each temperature tested, 
unique to the particular laser. Even this labor-intensive effort cannot produce an 
accurate table because the table cannot compensate for aging. Aging cannot 
be predicted ahead of time with the required level of individual precision to 
create a table of aging values for a given laser. In some cases, Manufacturers 
resort to tightening the performance specifications for the laser system so it will 
still perform adequately after aging degradation. The result of the tightening of 
the specification is a lower manufacturing yield for the components used in the 
laser system, which increases costs. 
25 [1013} Conventional methods of compensating for degradations in laser 
output power are inadequate because temperature and output power 
measurement methods rely on external physical devices that produce 
inaccurate feedback information. Costly labor intensive look-up tables do not 
produce reliable results because temperature indexes are poorly correlated to 
actual laser operating temperatures, and the effects of aging cannot be 
accurately predicted for individual lasers. Thus, there is a need in the art for 
improved methods of laser performance monitoring and compensation, which 
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do not employ external measurement components and inaccurate lookup tables 
or disrupt transmitted data throughput. 

SUMMARY 

5 

[1014] Embodiments disclosed herein address the above-stated needs by 
providing methods and apparatus for implementing mathematical models and 
digital signal processing algorithms that compensate for aging, temperature 
linearity, and other performance characteristics without affecting or disrupting 
10 the transmitted signal. These embodiments accurately determine laser 
parameters at any temperature, age, or transmission speed in a non-invasive 
and non-disruptive manner. Closed loop servos and feedback techniques which 
rely on signal processing continuously provide Extinction Rate and Optical 
Modulation Amplitude measurements while data is being transmitted. In 
addition to space and power' savings, temperature sensors and Integrated 
Circuits for monitoring bias and modulation currents are made obsolete by the 
present invention. 

[1015] Methods and circuits are presented, for simplicity, as they apply to 
lasers. However, similar methods and circuits applying to any type of light 
emitting device such as LEDs, lamps or fluorescent lights would be readily 
apparent to one skilled in the art. 

[1016] Accordingly, in one aspect, a method for controlling a light emitting 
device including modulating a light emitting device with a noise-level test signal 
to produce a modulated signal output, acquiring the modulated signal from the 
light emitting device, extracting the noise-level test signal from the acquired 
signal; digitally processing the extracted noise-level test signal to calculate 
power control adjustments and controlling output power of the light emitting 
device by applying the calculated power control adjustments to the light emitting 
device is described. 

[1017] In another aspect, a method for controlling a laser including 
generating a noise-level test signal having a multitude of characteristics, 
modulating a laser with the generated noise-level test signal to produce a 
modulated output signal, acquiring the modulated output signal, extracting a 
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no.se-level test signal from the acquired modulated output signal, determining a 
power characteristic of the extracted noise-level test signal, determining a 
characteristic slope of the laser from the extracted noise-level test signal 
calculating a bias current adjustment from the power characteristic of the 
5 extracted noise-level test signal, calculating a modulation current adjustment 
from a ratio of the characteristic slope of the generated noise-level test signal to ■ 
the characteristic slope of the extracted noise-level test signal, controlling a 
laser bias current by applying the calculated bias current adjustment to a laser 
dnver and controlling a laser modulation current by app.ying the calculated 
10 modulation current adjustment to the laser driver is also described 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[1018] FIG. 1 is a block diagram of a conventional laser control system; 
[1019] FIG. 2 illustrates conventional variations in characteristic current with 
respect to laser light output power at different temperatures in accordance with 
conventional laser control systems; 

[1020] FIG. 3 illustrates reduced output power of transmitted waveforms with 
vanation in temperature in accordance with conventional laser control systems- 
[1021] FIG. 4 is a high level step diagram for digital signal processing 
methods of laser performance compensation in accordance with the present 
invention; 

[1022] FIG. 5 is a high level apparatus block diagram illustrating digital signal 
processing methods for laser performance compensation of FIG. 4 embodied in 
hardware; 

[1023] FIG. 6 is a detailed apparatus block diagram illustrating an exemplary 
method of phase insensitive signal processing laser performance compensation 
of FIG. 4 embodied in hardware; and 

[1024] FIG. 7 is a high level block diagram illustrating an optical transmission 
link method for digital signal processing laser performance compensation in 
accordance with yet another embodiment of the present invention. 
[1025] FIG. 8 describes the mathematics for the signal processing functions 
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DETAILED DESCRIPTION 

[1026] The disclosed embodiments present methods for controlling lasers or 
5 other light emitting devices to compensate for performance degradations due to 
temperature changes and aging without disrupting the transmission of 
information. The disclosed embodiments describe various methods of applying 
mathematical models and digital signal processing algorithms to continuously 
calculate and execute precise output power adjustments. 
10 [1027] A method for embedding a synthesized test signal in a normal data 
carrying signal applied to the laser system is described. The magnitude of the 
test signal is sufficiently small that it is buried in system noise and will not alter 
the noise margin of the signal or the transmitted data. Recovery and processing 
of the embedded test signal produces precisely monitored output power and 
signal amplitude measurements used to accurately adjust performance 
characteristics regardless of temperature or age. Digital signal processing 
performance compensation methods of the present invention disclosed herein 
comprise phase sensitive, phase insensitive and signal sweep algorithms. 
[1028] A digital signal processing enhanced method for optical link 
20 transmission performance compensation is also disclosed. The use of fiber 
optic links for performing adjustments to laser characteristics is further disclosed 
in U.S. Patent No. 6,446,867, entitled "ELECTRO-OPTIC INTERFACE 
SYSTEM AND METHOD OF OPERATION", which is assigned to the assignee 
of the present invention and fully incorporated herein by reference. Finally, 
25 another method utilizing a high frequency photodiode is also disclosed. 

[1029] Exemplary embodiments may . be implemented as electronic 
hardware, computer software, or combinations of both. The word "exemplary" is 
used exclusively herein to mean "serving as an example, instance, or 
illustration." Any embodiment described herein as "exemplary is not 
necessarily to be construed as preferred or advantageous over other 
embodiments. 

[1030] The features, objects, and advantages of the disclosed embodiments 
will become more apparent from the detailed description set forth below when 
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taken in conjunction with the drawings in which like reference characters identify 
correspondingly throughout and wherein: 

[1031] FIG. 1 illustrates a conventional laser control system. A typical 
conventional system includes an analog or mixed analog and digital Controller 
5 1 1 3 for controlling a laser Driver 1 02. The Driver 1 02 comprises a Bias Current 
Generator 103 for generating a Bias Current 108, and a Modulation Current 
Generator 106 for generating a Modulation Current 107. The Controller 113 
applies Bias Current Control Signal 104 and Modulation Current Control Signal 
105 to the Driver 102 to cause the Bias Current Generator 103 and Modulation 
10 Current Generator 106 to produce the appropriate magnitude of Bias Current 
108 and Modulation Current 107 respectively. The Bias Current 108 and. 
Modulation Current 107 are applied to Laser Module 109, which accordingly 
produces Light Output 110. 

[1032] A typical conventional Controller 113 relies on externally mounted 

15 Temperature Sensor 112 to determine when performance adjustments are 
appropriate due to changes in temperature, and for generating an index into 
factory generated lookup tables. The Controller 113 relies on low frequency 
response Monitor Photodiode 111 to sense the average power of the Laser 
Module's 109 Light Output 110. 

20 [1033] FIG. 2 graphically illustrates variations in characteristic laser current; 
with respect to laser light output power at different temperatures in accordance. 
with conventional laser control systems illustrated by FIG. 1. Characteristic 
input current with respect to laser light output power 201 corresponds to a new 
laser at a first temperature T1 . Characteristic input current with respect to laser 

25 light output power 202 corresponds to an aged laser at a second temperature 
T2. Control of the laser is initially set so that a given amount of light power and 
signal modulation is obtained with input current characteristic 201. When the 
characteristic changes to characteristic 202 with aging and temperature 
variations, the initial input current setting produces an incorrect amount of light 

30 output power and diminished signal amplitude. Incorrect low levels of light 
output power reduce the signal strength and signal to noise ratio of the 
transmitted signal. Incorrect high levels of light output power over drive the 
laser, shortening its life. 
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[1034] FIG. 3 graphically illustrates reduced output power of transmitted 
waveforms with variation In temperature 300, in accordance with conventional 
laser control systems illustrated by FIG. 1 . Characteristic current with respect to 
light output 201 corresponds to the overall laser response at Temperature T1, 
producing output having an amplitude of Light Output A 310. Characteristic 
current with respect to light output 202 corresponds to the overall laser 
response at Temperature T2, producing output having an amplitude of Light 
Output B 312. FIG. 3 shows how output amplitudes (310,312) vary directly 
with changes in the slope of the characteristic current at different temperatures. 
When the characteristic slope changes, the signal amplitude and average power 
output are diminished. 

[1035] Threshold current is applied to a laser upon power up. A laser's 
threshold, current is the minimum current required to produce light output. 
However, lasers are not operated near their thresholds because doing so 
produces noisy unstable output. Therefore, a margin current is added to the 
threshold current to produce a total Bias current IB1 302. Application of a 
laser's bias current 302 places the laser in its proper operating range. 
[1036] Modulation current 107 is then added to the bias current to produce 
light output pulses representing data (310,312). The slope of the current 
20 characteristic (201,202) is determined by its threshold and operating range: As 
the slope of the current characteristic changes with temperature from T1 to T2, 
the operating range, requiring a different threshold, is also reduced. As the 
operating range of the laser becomes smaller with temperature drift that shifts 
the characteristic of the laser's response from characteristic 201 to 
25 characteristic 202, the amplitude of the Light Output A 310 is reduced to the 
amplitude of Light Output B 312. This light output reduction occurs even though 
the applied Modulation current 1 07 has not been altered. 
[1037] Embodiments of the present invention detailed in Figs. 4-9 enable 
the Temperature 1 characteristic 201, and hence light output-A 310, to be 
30 maintained regardless of changes in temperature or age. Characteristic drift 
that changes the slope of current characteristics and reduces light output is 
prevented by continuously and accurately monitoring and adjusting input bias 
and modulation current using digital signal processing techniques. 
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[1038J FIG. 4 is a high level flowchart diagram for novel digital signal 
processing methods of laser performance compensation 400 in accordance with 
various embodiments of the present invention. In step 402, a control path 
comprising a digital controller, laser driver, laser, monitor photodiode, signal 
5 conditioner and optional Analog to Digital (A/D) converter is initially calibrated. 
Control flows to step 404. 

[1039] In step 404, a Digital Signal Processor (DSP) generates and applies a 
synthesized sinusoidal noise-level test signal to the laser driver. Noise levels 
for communication systems are typically in the micro-watt range. However, a 

10 test signal of any level commensurate with a system's noise maybe applied 
without departing from the scope of the present invention. The noise-level test 
signal becomes embedded in system noise as the driver modulates the bias 
current with the test signal and transmit data. The driver applies the modulated 
signal containing data, noise, and embedded test signal to the laser. Control 

15 flows to step 406. 

■ 

[1040] In step 406, a micro-detector implemented in a DSP analyzer function 
acquires the embedded test signal (i.e. the noise-level test signal buried in 
system noise). In one embodiment, the DSP analyzer utilizes a phase sensitive 
lock-in detection algorithm to multiply the acquired test signal by a copy of the 

20 originally injected sinusoidal test signal. The mathematical operation- of 
multiplying two sinusoids yields a Direct Current (DC) value proportional to the 
amplitude of the two sinusoids divided by two times a phase factor, plus 
harmonics. The phase factor is dependent on the phase shift between the 
applied test signal and the detected signal. This factor may be negligible in 

25 many cases. Multiplying the two sinusoidal signals produces the amplitude of 
the injected test signal, and also shifts the frequencies of the harmonics and 
noise such that the acquired sinusoidal test signal can be extracted by filtering it 
from the other unwanted components of the mathematical product. 
[1041] The DSP analyzer functions may be embodied directly in hardware, 

30 firmware, software, or in a combination of the above. Control flows to step 408. ' 
[1042] In step 408, after acquisition of the system test signal embedded in 
noise, the DSP analyzer applies an ultra low bandwidth low pass filter to 
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eliminate harmonics and noise from the acquired signal. Thus, the acquired 
noise-level test signal is extracted from the system noise and fully recovered. 
[1043] In another embodiment of steps 406 and 408, the DSP analyzer 
acquires the embedded test signal utilizing a phase insensitive quadrature 
detect,on algorithm. Quadrature detection advantageously eliminates a phase 
shift of the acquired test signal with respect to the originally applied test signal 
created by the sinusoidal multiplication of the previous embodiment. 
[1044] The quadrature detection method splits the acquired signal into two 
signals. One signal is multiplied by a sine function term and the other signal is 
multiplied by a cosine function term. A low pass filter is then applied to both 
signals to filter high frequency harmonics and noise, recovering a sinusoidal and 
a cosinusoidal test signal. Both signals are then squared, producing a sine 
squared test signal and a cosine squared test signal. Sine squared and cosine 
squared signals universally add to one. The sine squared and cosine squared 
test s.gnals are added, producing the amplitude of the acquired test signal The 
amplitude of the acquired test signal is the average power of the recovered test 
signal. 

[1045] In yet another linear sweep embodiment of steps 406 and 408 
advantageous for performance compensation in VCSELS, a gradually 
increasing noise-level saw tooth test signal, rather than a sinusoid, is applied to 
the laser driver. This saw tooth test signal incrementally increases the bias 
current by noise-level amounts.over a very narrow region. The recovered test 
signal is sampled to produce a set of noise-level data points as the bias current 
incrementally increases by miniscule amounts. A linear regression or least 
squares best fit, algorithm is applied to these data points to produce a 
characteristic line. Control flows to step 410. 

[1046] In step 410, after recovery of the synthesized noise-level test signal 
the DSP analyzer function determines the laser's characteristics by processing 
the recovered test signal. The efficiency slope, and threshold inflection point of 
the laser characteristic are determined by mathematical process. Output power 
control parameters are updated for use by servo function in step 414 according 
to the presently calculated laser characteristics. 
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[1047] Control parameters are produced for adjustment of modulation 
current. The amplitude of the laser's modulation is determined by its 
characteristic slope (See .FIG. 3). Hence, modulation current adjustment 
parameters are calculated by determining the ratio of the slope of the originally 
5 applied test signal to the slope of the recovered test signal. 

[1048] Control parameters are produced for adjustment of bias current by 
continuously monitoring the average power output of the test signal. Control 
flows to step 412. 

[1049] In step 412, the updated modulation and bias current control 
10 parameters are passed to respective modulation current and bias current servo 
control functions. 

[1050] A servo is a functionality used to control and maintain a given 
variable in a system. A first element of a servo is the output variable. The 
desired value of the output variable is the Set Point. Another element of the 

15 servo is the feedback path, which measures the value of the output variable. 
Another element of the servo is the Controller. The Controller has a Set Point 
as an input, which determines the desired value of the output variable. The 
Controiler makes a comparison between the feedback signal and the Set Point 
and provided the difference to a set of programs, which contain models and 

20 algorithms used to manage the rate and characteristic profile by which 
adjustments of the output variable will occur. The last element of the servo is 
the forward path, which provides the means by which the output variable can be 
changed. 

25 [1051] In the case of an optical transceiver, the output variable is the laser 
power. The feedback is comprised of components such as sensors (like a 
photodiode sensor), amplifiers and analog to digital converters. The Controller 
is a signal-processing program, which may be embodied directly in DSP 
hardware, firmware, an ASIC, a software module executed by a processor, or in 

30 any combination of the above. The forward path is comprised of components 
such as drivers, an Digital to Analog converter, and/or laser diode. 
[1052] In one embodiment, control parameters are passed through 
configuration memory. In another embodiment, control parameters are passed 
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via a messaging protocol, and in yet another embodiment control parameters 
comprise electromagnetic signals. 

[1053] In step 414, a first servo control function adjusts modulation current 
as directed by the modulation current control parameters calculated by the DSP 
5 analyzer function in step 410. A second servo control function adjusts the bias 
current as directed by the bias current control parameters calculated by the 
DSP analyzer function in step 410. Thus, the laser output signal is continuously 
set to conform to correct signal specifications without interrupting the 
transmission of data. 

10 [1054] Using the basic technique of injecting a noise-level synthesized test 
signal comparable to the magnitude of the system noise opens a multiplicity of 
options for compensating the performance of a laser system. In other 
embodiments, DSP algorithms of step 408 are used to compensate for 
operational parameters comprising linearity, aging, temperature, and 
15 wavelength tuning detection. 

[1055] FIG. 5 is a high level apparatus block diagram illustrating an 
exemplary embodiment of the digital signal processing methods for laser 
performance compensation of FIG. 4 implemented in hardware. 
[1056] DSP 510 in conjunction with Digital Signal Analyzer Function 511 
produces a synthesized Test Signal 512. Digital signal analyzer functionality 
511 may be embodied directly in DSP hardware, firmware, an ASIC, a software 
module executed by a processor, or in any combination of the above. A 
software module may reside in any form of memory medium known in the art. 
Synthesized Test Signal 512 may be generated as an analog signal, or as a 
25 digital signal and then converted to an analog signal by optional Digital to 
Analog Converter (DAC) 513. Synthesized Test Signal 512 is applied to a 
Laser 504 by Driver 502. 

[1057] Adaptive Control System 501, comprises Servo functionality for 
instructing Driver 502 to set a specified output power level at Laser 504, 
30 determined by Digital Signal Analyzer Functionality 511 in accordance with 
calculated laser characteristics. Servo functionality may utilize characteristic 
information stored in a configuration database to correctly determine the correct 
output power level. Adaptive Control System 501 directs Driver 502 to apply the 
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correct amount of laser input current 503 to Laser 504 in order to produce the 
desired power level of Light Output 505. Adaptive Control System 501 may be 
embodied directly in DSP hardware, firmware, an ASIC, a software module 
executed by a processor, or in any combination of the above. 
5 [1 058] Monitor Photodiode 506 measures average power of Light Output 505 
to provide feedback information to Adaptive Control System 501 for maintaining 
the correct output power level. Signal Conditioner 507 performs coarse filtering 
of the noise in the signal sampled by Monitor Photodiode 506 to narrow the 
monitored signals bandwidth and amplify the frequency band of the noise 

10 spectrum, isolating the noise and synthesized test signal from the transmitted 
signal. A/D Converter 508 digitizes the isolated noise signal for input to Value 
Scaler 509. Value Scaler 509 is a mechanism by which the magnitude of the 
values from the recovered noise signal are changed in order to account for 
variation in components in the control system. Assigning a magnitude to the 

15 Value Scaler may be part of a calibration process. Digital Signal Analyzer 
Function 511 then applies a detection algorithm to the digitized isolated noise 
signal that recovers the synthesized test signal from the noise. 
[1059] Once the synthesized test signal is recovered, calculations of the 
slope efficiency of the laser characteristic along with the threshold inflection 

20 point are determined by Digital Signal Analyzer Function 511. New 
characteristic values of the laser slope efficiency and inflection point can be 
stored in the configuration database, for use by the servo function In adjusting 
the power level of Light Output 505 to a continuously corrected value. 
[1060] In another embodiment of a digital signal processing enhanced 

25 method of performance compensation implemented in hardware, Monitor 
Photodiode 506 is a high frequency response photo diode capable of following 
the square waves of modulated data. Digital Signal Analyzer Function 511 
performs a peak and valley detection algorithm precisely following the Output 
Modulation Amplitude (OMA) of the transmitted signal. Characteristic values of 

30 the laser slope efficiency and inflection point are determined from the peak and 
valley signal produced by Digital Signal Analyzer Function 511, and used to 
adjust the power level of Light Output 505 as described above. 
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[1061] FIG. 6 is an exemplary apparatus block diagram illustrating the noise- 
level test signal quadrature detection disclosed in FIG. 4 embodied directly in 
hardware. One skilled in th.e art would readily recognize that any digital signal 
processing method for detecting, or function for analyzing, a noise-level test 
5 signal disclosed herein may be similarly embodied solely in software without 
departing from the scope of the present invention. FIG. 8 describes the 
mathematics for the signal processing functions. 

[1062] Laser Driver 602 applies Modulation Current 628, Bias Current 630 
and a noise-level Test Signal 632 embedded in system noise to Laser 604. 
10 Monitor Photodiode 606 acquires a portion of Laser 604 Light Output signal 
containing Data 626 and Test Signal 632. Optional Transimpedance Amplifier 
608 amplifies acquired exemplary light output signal: 
A*Sin(wt+92) + noise 

15 Where B is the amplitude of the recovered sinusoid, 
w is tne angular frequency 

6 2 is the angular shift relative to the phase of the applied sinusoid 
Noise is the amount of noise that the system and the apparatus adds to the 
signal 

20 [1063] The signal at the output of the transimpedance amplifier is split into 
two paths. Multiplier 610 multiplies a first half of the acquired signal by sine 
term: 

A*Sin(wt+ei), 

[1064] generated by function generator 612. Multiplier 614 multiplies a 
25 second half of the acquired signal by cosine term: 
A*Cos(wt+9i), 

[1065] likewise generated by another section of function generator 612. The 
product of Multipliers 610 and 614 permit extraction of the original sinusoidal 
test signal from system noise and harmonics created by the multiplication. Low 
30 pass filter 616 filters high frequency harmonics and noise from the sinusoidal 
product of Multiplier 610, recovering a sinusoidal test signal. Low pass filter 618 
filters high frequency harmonics and noise from the cosinusoidal product of 
Multiplier 614, recovering a cosinusoidal test signal. 
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[1066] Square Function 620 squares the sinusoidal test signal producing 
signal: 

V 3 * {(A 2 B 2 )/4) * {Cos 2 (e 2 ^)} 

[1067] Square Function 624 squares the cosinusoidal test signal producing 
5 signal: 

V 6 = {(A 2 B 2 )/4> * {Sin 2 (02-0,)} 

Summing Function 622 adds the sine squared and cosine squared signals, 
resulting in V 7 , the amplitude of the recovered test signal. The amplitude of 
the recovered test signal, V 7 , produced by Summing Function 622 is used to 
calculate adjustments to laser input bias current 630. The recovered test signal 
V 7 is used to calculate adjustments to input modulation current 628. Any 
method of the present Invention may be similarly embodied in software. 
[1068] FIG. 7 is a high level block diagram illustrating an optical transmission 
link method for digital signal processing enhanced laser performance 
compensation in accordance with yet another embodiment of the present 
invention. Disclosed embodiments of the present invention advantageously 
compensate for defects and changing characteristics of a fiber optic link while 
the link is in operation. Referenced U.S. Patent No. 6,446,867 describes 
methods of calibrating a fiber optic link for characteristic parameters using a 
Digital Controller and transceiver having an internal switch for closing a loop in a 
fiber optic transmission system. This closed loop enables information about the 
fiber optic link to be recovered in order to perform necessary adjustments to the 
laser. The present invention allows these link characterizations and 
adjustments to be carried out in a fiber optic system while data is 
simultaneously transmitted. 
[1069] A first Transceiver 701 and a Second Transceiver 704 comprise 
appropriate internal architecture of the digital control as described in U.S. Patent 
No. 6,446, 867 as well as the digital signal processing features detailed in 
30 Figures 4 and 5. The control system of First Transceiver 701 injects a 
synthesized test signal, embedded in system noise into the light output of First 
Transceiver 701. 
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[1070] The synthesized test signal travels through optical fiber 702 and is 
detected by Second Transceiver 704, where the signal is recovered by an 
embodiment of the digital signal processing detection and recovery method 
described above. The Digital Controller in Second Transceiver 704 may detect 
the received synthesized test signal through a lock-in phase sensitive, 
quadrature phase insensitive, or linear sweep algorithm used to detect a test 
signal embedded in system noise as described in Figs. 4 and 5. 
[1071] The information regarding the characteristic of the received signal is 
sent back to the First Transceiver 701 such that the laser in First Transceiver 
701 is adjusted to compensate for issues in the fiber optic link 702, optimizing 
signal transmission. Second Transceiver 704 may also send information 
regarding the measurement of the received signal back to the First Transceiver 
701 using the same technique. 

[1072] One skilled in the art will understand that the ordering of steps 
illustrated in Figures. 4 through 7 are not limiting. The methods are readily 
amended by omission or re-ordering of the steps illustrated without departing 
from the scope of the disclosed embodiments. 

[1073] Thus, novel and improved methods and apparatus for Digital Signal 
Processing enhanced laser performance compensation have been described. 
Those of skill in the art would understand that information and signals may be 
represented using any of a variety of different technologies and techniques. For 
example, data, instructions, commands, information, signals, bits, symbols, and 
chips that may be referenced throughout the above description may be 
represented by voltages, currents, electromagnetic waves, magnetic fields or 
25 particles, optical fields or particles, or any combination thereof. 

[1074] Those of skill would further appreciate that the various illustrative 
logical blocks, modules, circuits, and algorithm steps described in connection 
with the embodiments disclosed herein may be implemented as electronic 
hardware, computer software, or combinations of both. To clearly illustrate this 
interchangeability of hardware and software, various illustrative components, 
blocks, modules, circuits, and steps have been described above generally in 
terms of their functionality. Whether such functionality is implemented as 
hardware or software depends upon the particular application and design 
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constraints imposed on the overall system. Skilled artisans may implement the 
described functionality in varying ways for each particular application, but such 
implementation decisions should not be interpreted as causing a departure from 
the scope of the present invention. 
5 [1075] The various illustrative logical blocks, modules, and circuits described 
in connection with the embodiments disclosed herein may be implemented or 
performed with a general purpose processor, a digital signal processor (DSP), 
an application specific integrated circuit (ASIC), a field programmable gate array 
(FPGA) or other programmable logic device, discrete gate or transistor logic, 
1 0 discrete hardware components, or any combination thereof designed to perform 
the functions described herein. A general purpose processor may be a 
microprocessor, but in the alternative, the processor may be any digital signal 
processor, conventional processor, controller, PC, external computer, server, 
microcontroller, or state machine. A processor may also be implemented as a 

15 combination of computing devices, e.g., a combination of a DSP and a 
microprocessor, a plurality of microprocessors, one or more microprocessors in 
conjunction with a DSP core, or any other such configuration. 
[1076] The steps of a method or algorithm described in connection with the 
embodiments disclosed herein may be embodied directly in hardware, in a 

20 software module executed by a processor, or in a combination of the two. A 
software module may reside in RAM memory, flash memory, ROM memory, 
EPROM memory, EEPROM memory, registers, hard disk, a removable disk, a 
CD-ROM, or any other form of storage medium known in the art. An exemplary 
storage medium is coupled to the processor such that the processor can read 

25 information from, and write information to, the storage medium. In the 
alternative, the storage medium may be integral to the processor. The 
processor and the storage medium may reside in an ASIC. In another 
alternative, the processor and the storage medium may reside as discrete 
components on a printed circuit board. 

30 [1077] The previous description of the disclosed embodiments is provided to 
enable any person skilled in the art to make or use the present invention. 
Various modifications to these embodiments will be readily apparent to those 
skilled in the art, and the generic principles defined herein may be applied to 
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other embodiments without departing from the spirit or scope of the invention. 
Thus, the present invention is not intended to be limited to the embodiments 
shown herein but is to be accorded the widest scope consistent with the 
principles and novel features disclosed herein. 

5 

[1078] WHAT IS CLAIMED IS: 
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